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Abstract. 2014 A very simplified description of angular distribution hyperfine interaction techniques is given, with a view to presenting their applications in ion-implantation studies of metals. Some typical experiments are reviewed. The latter part of the paper is devoted to a discussion of radiation damage effects in hyperfine interaction studies after ion-implantation. REVUE wing-down of the implanted ion, a large number (~ 103 for a 100 keV-ion) of Frenkel pairs are produced in the host ; the interaction of defects, both among themselves and with the implanted impurities, is an important problem ; (iii) when « low-energy » (1) In fact, the talk was restricted to the « angular distribution » techniques (perturbed angular correlations and nuclear orientation) ; the Môssbauer effect technique was surveyed in a companion paper by G. Czjzek. ( 500 keV) ion-implantors are used, implantation is a non-uniform surface effect (ion ranges are 1 000 À). Table 1 is an attempt to situate the radioactive hfi methods among the other ion implantation studies. The techniques are classified as « macroscopic » when they average over the whole sample, or « microscopic » when they probe only the immediate surroundings of the implanted impurity (except in the case of electron microscopy). They are termed « direct » if they give straightforward access to a property of the implantes impurity (e. g. the susceptibility of a magnetic impurity implanted in a diamagnetic host), and indirect otherwise (e. g., a resistivity experiment in which the contribution of the impurity is only obtained after deducing that of the host and defects).
Radioactive hfi techniques are « trigger-detection » methods : the nuclei of the implanted atoms alone send out information from the sample ; there is no input to the system and very 'little « noise » from the host nuclei. The sensitivity is therefore very high. Moreover, as shown below, the hfi are essentially determined by the local properties of impurity interaction with neighbours (or defects) : hence, non-uniformity over the sample is not a drawback. Also, for this reason, it is often possible to identify different lattice sites occupied by the implanted ions, if their number is not too large (typically 3).
Consider the effect of a static magnetic interaction on an impurity ion (spin J) in a solid. The effect of the applied field is to split the J &#x3E;-states into J, MJ&#x3E;-substates. The interaction (AI. J) between the electronic spin and its nuclear counterpart I splits the nuclear levels into 1 l, MI &#x3E;-substates (hyperfine splitting).
Transitions between these nuclear substates are stuArticle published online by EDP Sciences and available at http://dx.doi.org/10.1051/rphysap:0197400903057500 died via hfi methods. In most cases, the amplitude of the nuclear splittings is not determined directly by the external perturbation : it is due to the polarization (deformation) of the electronic shells, via the magnetic part of the AI. J. interaction. Similarly, the distortions of the electronic shell by any asymmetry of the electrostatic charge distribution around the impurity ion is reflected in the nuclear hyperfine splitting via the electric part of the interaction ; electron spin relaxation âlso produces transitions among nuclear sublevels. In most cases, the evolution of the impurity electron shells, even in metals, is determined to a great extent by their overlap with their neighbouring ions : this short-range interaction is the origin of the « microscopic » character of hfi measurements.
There are a number of excellent reviews on the theoretical and experimental aspects of the various radioactive hfi techniques (see, for instance [1 ] - [6] ) ; the following is very much a bird's eye view of the principles.
In order to approach the radioactive hfi techniques, consider a transition between two different nuclear states, in the absence and in the presence of a splitting of the nuclear levels by some perturbation (Fig. 1 ). figure) is long enough to lead to reorientation, the hfi of this state may also be measured by N. 0. In some cases, the combination of N. 0. with the Môssbauer effect can also provide interesting information both on the parent and on the daughter nucleus [13] .
implanted via an isotope-separator (i. [17] . Note transition at melting-point Tm.
The hyperfine hamiltonian always contains the product of a nuclear parameter (nuclear g-factor, quadrupole moment) by a quantity that characterizes the atomic environment (e. g., the effective magnetic field at the nucleus, the electric field gradient). Information from nuclear physics is therefore clearly required in order to interpret results on hfi experiments. Conversely, knowledge of the large hyperfine fields acting at nuclei [1] has led to the measurement of a vast number of static nuclear moments (particularly of short-lived states) and to important developments in nuclear physics ; this has, in fact, been one of the main applications-in which « accelerator beam » implantation is essential-of hfi physics. Recent work in this field is summarized in Ref. [6] and [13] , as well as in a Colloquium of this Meeting [14] . Here figure 3 [15] . Figure 4 represents an accelerator-beam TDPAC study of the static electric quadrupole hfi acting on 69Ge nuclei in an electric-field gradient (EFG) with or without axial symmetry. The work described in Ref. [16] [17] (Fig. 5) by a similar TDPAD experiment on 73As produced from -and recoiled into -Ge. A pulsedbeam « stroboscopic » method [6] (Fig. 6) . The [20] . The dotted curve is the magnetization curve of pure Fe. The Tm3+ ion behaves like a paramagnetic spin in an exchange field of 2.5 MOe (electronic relaxation is also observed and accounted for).
As mentioned previously, when ion implantation and radioactivity hfi techniques alone apply to the study of a system, considerable care must be exercised before concluding on the relative amplitude of the interactions experienced by the nuclei. This is rather clear from a N. 0. experiment on Fe175Yb and Au175Yb (Fig. 7) Recently, however, the latter N. 0. experiment has been re-done : in one case [26] , it was performed both on the as-implanted alloy and (taking advantage of the high solubility) on the same source after melting ; in the other case [27] only the melted alloy was studied. The rather striking result of [26] is shown in figure 8 , which presents the magnetization curves for the sample before and after melting : the lower curve agrees with the result of [21 ] , while the high-field limit of Jz &#x3E; is seen to be significantly higher after melting (the value is essentially in agreement with the result of [27] (Fig. 9) . From the result on AuYb, it was suggested that about one-third of the Yb ions were in a   FIG. 9. -Electron microscopy measurement of depth distribution of radiation damage-induced vacancy-loops in AuYb [28] (Curve D) compared to implanted ion distribution (curve 1). [29] , a threefold drop in the resistivity between 238 K and 350 K (Fig. 10) [20] , so that a « quasi-free ion » behaviour prevails : this is, for example, the case for FeDy [12] and FeTm [20] . An [20] [22] are not sensitive to the same effects.
Studies in ferromagnetic hosts have been used to obtain interesting information on the evolution of impurity-damage interactions-thus confirming the existence of such interactions. To our knowledge, the most complete work so far is that on Fe Yb, for which electron microscopy, hfi, and lattice location experiments were performed at various annealing temperatures. From the electron microscopy experiments [28] , it was concluded that the vacancy loops lie in the { 100 } planes ; moreover, it is well-known [24] that their diameter increases with increasingly high annealing temperatures, until they release vacancies and anneal out. The strong correlation of thé latter process with the changes in the measured average magnetic hfi at 169Tm and in the Yb backscattering yield from lattice-location experiments is shown in figure 12 [33] , which also shows that the impurity evolution takes place in the { 100 } plane. These results point to a rather detailed view of the process : apparently, the 
